Displacement of an immiscible droplet subject to gravitational force in a channel is studied numerically by the lattice Boltzmann method. Dynamic behavior of the droplet is illustrated and the influence of gravitational coefficients, contact angles, and droplet size on the wetting length is analyzed. For θ = 57.0 • , the wetting length of the droplet increases with the time step and finally pinches off. For θ = 88.8 • and 113.8 • , the wetting length for both decreases with the time step, but it will decrease to zero and detach from the surface for 113.8 • , which is different from 88.8 • . Furthermore, the gravitational coefficient has a significant influence on the wetting length. In the case of θ = 57.0 • , the wetting length increases with the increase in gravitational coefficient. As it increases to 0.002, the droplet pinches off. It is easier for the droplet with θ = 113.8 • to detach from the surface. The larger droplet radius is beneficial for detaching from the surface for θ = 113.8 • and the wetting length is extended for θ = 57.0 • and θ = 88.8 • .
INTRODUCTION
Multicomponent and multiphase flows are ubiquitous in nature, such as bubble-containing liquids, immiscible fluids, and so on. Studying multicomponent and multiphase flow in a channel is conducive to understanding and mastering the law of fluids flowing in complex channels. Therefore, exploring the dynamic behavior of droplet displacement in a channel is extremely important for engineering application (Chen et al., 2014; Kang et al., 2002 Kang et al., , 2005 .
In recent years, a number of researchers have been interested in the dynamic behavior of the two-phase interface. Interface motion between immiscible fluids along a smooth surface was studied by Shikhmurzaev (1997) , and then the corresponding general mathematical model was developed. Molecular dynamics simulations are also used to study the immiscible fluids. Dussan's theoretical prediction about the no-slip condition was confirmed by Koplik (1988) . However, it is quite difficult for traditional computational fluid dynamics methods to simulate multiphase flow, especially tracking the fluid interface. As a mesoscopic simulating method, the lattice Boltzmann method (LBM) has become an effective simulation tool due to simple calculation and natural parallelism. It is worth noting that there is no need to trace the phase interface (Li et al., 2016) . As we all know, multicomponent and multiphase (MCMP) LBM can be divided into three categories: the color model (Gunstensen et al., 1991) , the Shan-Chen pseudopotential model (Shan and Chen, 1993) , and the free energy model (Swift et al., 1995) . Dynamic behaviors of droplets on solid surfaces have been investigated by the lattice Boltzmann method (Zhou, 2015; Pravinraj and Patrikar, 2017; Lee et al., 2014; Xiong and Cheng, 2018; Raiskinmaki et al., 2000) , which proves the effectiveness of LBM simulation.
In this paper, the Shan-Chen MCMP pseudopotential model is used. One of the greatest advantages of this model is that interaction forces between particles can be directly described. In this simulation, external force (gravity) is also taken into account. The dynamic behavior of droplet displacement in a single channel is numerically simulated. Moreover, the influence of gravity, contact angle, and droplet size on droplet dynamics is analyzed.
MODEL AND THEORY

Shan-Chen Multicomponent and Multiphase Pseudopotential Model
Here the Shan-Chen lattice Boltzmann model for a multicomponent and multiphase (MCMP) system is implemented.
In this model, one distribution function can be introduced for each of the two fluid components. Each distribution function can be expressed in the following form:
where f σ α (x, t) is the σth component density distribution function in the αth velocity direction. On the right-hand side, τ σ is the relaxation time of the kth component which is related to the kinematic viscosity υ σ :
and f σ,eq α (x, t) is the corresponding equilibrium distribution function, which can be written as
For the D2Q9 model, the discrete velocities are given by
In Eq. (3), ω α = 4/9 for α = 0, ω α = 1/9 for α = 1-4, and ω α = 1/36 for α = 5-8. c s = c/ √ 3, where c = ∆x/∆t is the ratio of lattice spacing ∆x and time step ∆t. ρ σ is the density of the σth component, which can be obtained from ρ σ = ∑ f σ α α . The macroscopic velocity u eq σ is determined by
where u ′ is the velocity common to the two components. To conserve momentum at each collision in the absence of interaction (F k = 0), u ′ has to satisfy the following relation (Martys and Chen, 1996) :
is the total force acting on the σth component, including fluid-fluid cohesion F c,k , fluidsolid adhesion F s,k , and body force F g,k . For two fluid components, the cohesion force acting on the σth component can be written as
where σ andσ denote two different fluid components and G c is a parameter that controls the strength of cohesion force. ψ σ is the potential function which is dependent on ρ σ . In this paper, ψ σ can be taken as ρ σ . The adhesion force acting on the σth component is determined as follows:
where s (x + e α ∆t) is an indicator function which is equal to 1 for solid or 0 for fluid, respectively. The interaction strength between each fluid and surface can be adjusted by G s,σ . In this study, the parameters G s,σ and G s,σ can be set as opposite numbers. The action of a constant body force can be expressed as
Contact Angle
In our simulation, a schematic illustration of geometry is shown in Fig. 1 in which a single droplet (fluid 1) is put into a channel filled with fluid 2. The density ratio of fluid 1 and fluid 2 is 1.0. The letters L and H are the wetting length and height of the droplet, respectively. As shown in Fig. 1 , each fluid has its own contact angle and the sum of them must equal 180 • because G s,1 + G s,2 = 0. Firstly, the radius of a single droplet, r, can be calculated (Parlange, 1981) from L and H: and the contact angle satisfies the following relation:
To calculate different contact angles by adjusting the value of G s,2 , the simulation domain is 201 × 101 and no body force is applied. Initially, L = 2H = 2R 0 = 100 and the droplet is located at x = 100, y = 0. We can see from Fig. 2 that the contact angle is linear to G s,2 , which is in agreement with Yang's work (Yang et al., 2001) . As shown in Fig. 2 , θ is less than 90 • when the value of G s,2 is negative, meaning that the surface is hydrophilic, while θ is greater than 90 • when the value of G s,2 is positive, which means that the surface is hydrophobic. As illustrated in Fig. 3, contact 
SIMULATION RESULTS AND DISCUSSION
Effect of Contact Angle
The dynamic behavior of a droplet with three different contact angles is shown in Fig. 4 ; the droplet contact angles are 57.0 • , 88.8 • , and 113.8 • . In this simulation, the calculation domain is 301 × 51. Initially, the droplet with the radius of 20 lu (lattice unit) is located at (0, 40). A constant gravitational force (g = 0.002) is applied to the two component fluids along the horizontal direction after the droplet reaches equilibrium. The dynamic behavior of droplet displacement with θ = 57 • is shown in Fig. 4(a) . As seen from the figure, the droplet begins to move along the surface under gravity. During the displacement, wetting length (L/L 0 ) of the droplets increases with time step, and the upper part of the droplet becomes thinner, where L 0 is the initial wetting length and L is the wetting length at different time steps. When the time step is 1000, the droplet pinches off for the first time. As the time step is increased to 3000, the droplet breaks up once again. Compared with displacement of the droplet with θ = 57.0 • , the behavior with θ = 88.8 • exhibits different dynamic characteristics, as shown in Fig. 4(b) . No fracture phenomenon can be seen during the movement of droplets along the wall surface. As the time step increases, the wetting length of the droplet decreases slowly and eventually tends to a constant value. However, the wetting length of droplets with θ = 113.8 • decreases until it reaches zero, and eventually it is completely detached from the surface. Zheng et al. (2013) reported that dynamic contact angle is an important parameter in contact line motion for the partial wetting cases, which can indicate the hysteresis effect of a partial wetting surface. Hence, the effect of hysteresis on the contact line motion is taken into consideration in this simulation. Since fracture and detachment behaviors of droplet can be seen in the larger gravitational coefficient, the smaller gravitational coefficient (g = 0.0005) is chosen to capture the contact line motion. Figure 5 shows the evolution of dynamic contact angle (advancing angle θ a and receding angle θ r ) with time step on different wetting surfaces. In the process of droplet motion, the advancing angle increases first and tends to be constant while the receding angle decreases first and then tends to be constant. Here, the hysteresis of a partial wetting surface is defined as the difference between advancing angle and receding angle (θ a -θ r ). It can be seen from Fig. 5 Figure 6 shows the relationship between wetting length (L/L 0 ) of droplet and time steps under different gravity conditions. The gravity coefficients are 0.0005, 0.001, 0.0015, and 0.002, respectively. At a low-gravity coefficient g = 0.0005 [ Fig. 6(a) ], for different contact angles, the wetting length of the droplet decreases with the time step before reaching a steady state. Moreover, three curves are very close to each other. Finally, the dimensionless wetting lengths are 0.984, 0.980, and 0.943, respectively. At a moderate-gravity coefficient of 0.001 [ Fig. 6(b) ], three curves begin to separate from each other. For θ = 57.0 • , the wetting length of the droplet increases with the time step, while for contact angles with 88.8 • and 113.8 • , the wetting length decreases with the increase in time steps. However, compared with 113.8 • , the wetting length of the droplet with θ = 88 • decreases slowly. For a higher-gravity coefficient g = 0.0015 [ Fig. 6(c) ], the wetting length of the droplet on three different wetting surfaces is approximately the same as that of the gravity coefficient of 0.001; nevertheless, the wetting length of the droplet with θ = 113.8 • is reduced to zero at t = 1400 eventually, meaning that the droplet detaches from the surface. And for droplets with a contact angle of 57.0 • , the wetting length increases significantly (L/L 0 = 2.474), which is larger than g = 0.0015. For the high-gravity coefficient g = 0.002, however, the curves are more complicated; its dynamic behavior corresponds to Fig. 4 . For θ = 57.0 • , the droplet breaks up when the wetting length increases to 1.850, and for the droplet with a contact angle of 88.8 • , a slow downtrend of wetting length can be seen. However, for θ = 113.8 • , the wetting length decreases to 0 rapidly due to the greater gravitational force.
Effect of Gravitational Force
Effect of Droplet Size
Effects of surface wettability and gravitational force on displacement of a droplet have been analyzed in the above sections. In addition, the droplet radius plays an important role in it. Figure 7 shows the relationship between wetting lengths of droplets with different radii and time steps. The droplet radii are 20, 25, 30, 35, and 40 lu, respectively. In the initial stage, the wetting length first increases slowly, but the change of the wetting length is independent of the droplet radius; then it increases rapidly with time. The greater the droplet size, the faster the wetting length increases. Finally, the droplet appears in the form of a "polliwog" shape with an extremely thin liquid film on the back side.
Since the viscous force between the droplet and surface is larger in the hydrophilic state, the resistance of a sliding droplet in the process of displacement is greater, resulting in the droplet being extended longer. It is worth noting that the droplet size has little influence on the change of wetting length when it is increased to 35 lu. Figure 7(b) presents the change of wetting length with time step on the neutral surface (θ = 88.8 • )
. Surprisingly, the wetting length tends to increase after decreasing when the droplet radius is increased to 35 lu. In addition, the neck of the droplet pinches off finally. For r ≤ 30 lu, wetting length decreases with time step, and the larger the size, the faster it decreases. Figure 7 (c) demonstrates the wetting length as a function of time step on the hydrophobic surface (θ = 113.8 • ). When r = 20 lu, the wetting length decreases with time step and then tends to be constant. As the droplet radius increases (r ≥ 25 lu), it decreases rapidly to zero over time, which means that the droplet has detached from the surface completely. Moreover, the larger the droplet size, the shorter the time required to detach from the surface.
CONCLUSION
In this paper, displacement of a droplet in a single channel is investigated numerically by the Shan-Chen MCMP lattice Boltzmann method. Moreover, the effects of contact angle, gravitational force, and droplet size were also analyzed. The results indicated that different dynamic behaviors can be presented for droplets of different contact angles under the same gravity coefficient (g = 0.002). For θ = 57.0 • , the wetting length of the droplet increases with the time step and finally pinches off. For θ = 88.8 • and 113.8 • , the wetting length for both decreases with the time step, but it will decrease to zero and detach from the surface for 113.8 • , which is different from 88.8 • . Furthermore, the gravitational coefficient has significant influence on the wetting length. In the case of 57.0 • , the wetting length increases with the increase in gravitational coefficient. As it increases to 0.002, the droplet pinches off, while it is easier for the droplet with θ = 113.8 • to detach from the surface. For θ = 113.8 • , the droplet can detach from the surface more easily with the larger radius. For θ = 57.0 • and θ = 88.8 • , the change of wetting length increases faster with the increase in droplet radius.
